Introduction
Encoding only 15 proteins itself, HIV has evolved to usurp many functions of its host cell in order to provide a suitable environment in which it may complete its life cycle. A myriad of interactions exist that redirect host cell functions in order to carry out a successful infection, as do interactions that have in turn evolved to combat HIV infection. In elucidating molecular targets to manipulate therapeutically, one must then consider not only the viral components but also the host cell interactions with these components that may be exploited to derail infection. Understanding this interplay between virus and host may pave the way for novel therapies to disrupt HIV replication.
The traditional manner of both identifying and characterizing protein-protein interactions is the use of biochemical techniques. Much has been uncovered using these techniques, but as the pandemic continues, new strategies for examining these interactions are desperately needed. The biochemical methods employed to probe protein-protein interactions require removing the proteins of interest from the likely relevant milieu around them as well as chemically disrupting the cells from which they are purified, modifications that can limit the physiological relevance of these complex interactions.
Proteins found interacting in biochemical assays are meaningful only if they also interact in vivo. While a protein found in the cytoplasm may be structurally capable of interacting with a nuclear protein, such a theoretical interaction between proteins residing in different subcellular neighborhoods is physiologically irrelevant. Thus, while biochemical studies are useful for characterizing populations of interactions in vitro, novel imaging methods are required to visualize these interactions as they naturally occur in living cells. The use of live cell imaging techniques allows for minimally invasive approaches to more accurately describe the dynamics of such interactions. For not only are we interested in describing the players in these interactions, but also the stage in which they take place.
The past decade has brought forth an abundance of innovative imaging techniques and an increasing pool of knowledge of HIV-1 interactions, and this review will attempt to highlight the most promising of these techniques, how they have impacted our knowledge base, and how they will continue to reveal details unable to be seen by any other means.
Techniques
Before understanding how novel imaging techniques have revealed aspects of HIV biology previously unseen, it is necessary to understand the theory of these techniques. The following section will describe the methodology behind a variety of imaging techniques, with an emphasis on ways in which they are useful in the study of HIV-host cell protein interactions. Before considering novel methodological approaches, an important consideration is the type of fluorescent microscopy to be utilized. Both confocal and deconvolution microscopy allow high resolution fluorescent imaging. Laser scanning confocal microscopy utilizes lasers and pinholes to illuminate a thin layer of the sample, providing a restricted region of illumination that can decrease out of focus fluorescence, generating a clearer image. Deconvolution microscopy uses computer-based image restoration to remove the out of focus light, allowing high resolution imaging. State of the art digital cameras, with highly sensitive and fast image capture, currently allow great flexibility for live cell imaging. The lasers associated with confocal microscopy generate higher levels of phototoxicity, making it less desirable for live cell microscopy. However, the use of a spinning disk confocal addresses this issue to a large degree. In the end, each has its advantage depending on the specific application to be utilized, and for the typical laboratory, access to local equipment often dictates the choice of equipment.
Colocalization versus Interaction
A common way to demonstrate the interaction of HIV proteins with cellular proteins or compartments is to show that the localization of two or more proteins overlaps within cells. This analysis can be complicated by the fact that the interaction may be transient, and taking a steady state snapshot of the localization of the protein within cells may reveal that only a subset of the populations being visualized in a cell have overlapping expression. Such interactions can be explored further in living cells by utilizing a number of techniques which can provide important insights into the dynamics of such transient interactions. Interpreting image-based analysis can also be confounded if an HIV protein and a cellular protein have overlapping expression, caused not via direct interaction but by both being localized to the same specific cellular compartment. Therefore, the interpretation of observations relating to the interaction of HIV proteins with cellular proteins can be complex. At the same time, these issues can be resolved with controls and appropriate supporting studies.
The most common approach to determining the localization and the potentially overlapping expression of proteins within cells is immunofluorescence microscopy. Typically, the analysis of potential interactions of HIV proteins and cellular proteins begins with the fluorescent imaging of fixed cells. One strength of fixed cells is their higher resolution when compared to live cells, though the method chosen for fixation can be critical to the outcome of this type of analysis because of potential artifacts caused by certain techniques. Simply staining expressing cells with fluorescently labeled antibodies to the proteins can provide initial information. If antibodies to the proteins of interest are not available, then an expression vector for the protein of interest fused to certain small peptides allows immunostaining with antibodies specific to the peptide tag. Alternatively, an expression vector for the protein of interest fused to a fluorescent protein can be utilized. However, such fluorescent fusion proteins must be carefully validated to ensure that the relatively large tag does not perturb the localization or function of the linked protein of interest. Advantageously, such fluorescent protein fusions can be used in live cell studies to provide insights into the dynamics of potential protein interactions.
One disadvantage of the use of such tagged proteins is that their expression is not likely subject to the regulatory constraints imposed on the endogenous gene. Normal regulation of promoter function or posttranscriptional aspects of regulation are lost in typical expression vectors. Over-or underexpression of the protein under study can alter the normal physiology of virus-host protein interactions. Such issues may be addressed in the future using highly-efficient homologous recombination to introduce the desired tag into the targeted protein in the natural chromosomal location (Lombardo et al. 2007) .
The use of fluorophore-tagged viral proteins and interactors is a widely utilized method, and with novel fluorophores continually being added to the repertoire, the investigation of the dynamic nature of interactions can be performed more completely. Though the green fluorescent protein (GFP) from the Aequorea victoria jellyfish is still routinely used 14 years after its development (Rizzuto et al. 1995) , novel fluorophores with the ability to change colors at the whim of the investigator are making more questions answerable with fluorescence microscopy. Such fluorophores include photoactivatable, photo-convertible, and photo-switchable variants, the use of which allows for pulse-chase type experiments where movement and localization changes can be tracked over time, and thus are useful for studying the dynamics of interactions.
Photoactivatable fluorophores are unresponsive to a given excitation wavelength until they are activated by a brief burst of a specific wavelength of light, after which they behave similarly to their nonphotoactivatable counterparts (Patterson and Lippincott-Schwartz 2002) . By selectively activating a very small region within the cell, a specific population of a protein can be tracked over time. As a virion will interact with proteins in a very particular region of the cell, researchers can concentrate on the molecules truly involved in these interactions, no matter how dynamically they move about the cell.
One drawback of photoactivatable fluorescent proteins is the inability to visualize the protein before activation. One solution to this problem is the use of photoconvertible or photo-switchable fluorescent proteins. These fluorophores possess two distinct nonoverlapping fluorescence profiles, enabling the visualization of the entire population of a protein within a cell and selective activation and tracking of a subset of that protein (Gurskaya et al. 2006) . Photo-switchable fluorescent proteins have the added benefit of being able to not only switch the fluorescence profile one time, but also to reversibly switch it back to its original state (Ando et al. 2004) .
Despite the advancements in fluorescent protein technology, analysis of interactions by visualization alone can be problematic. One problem with interpreting such data is that while colocalization can signify an interaction, it can also simply mean that the proteins occupy adjacent locations; resolving these discrepancies remains a problem with traditional microscopy methods.
Probing Association by Energy Transfer
Fluorescent imaging analysis of proteins brings to light a wealth of information regarding the subcellular localization and the dynamic movements of proteins, but more objective methods are necessary to definitively label this colocalization as an interaction.
Other techniques utilizing fluorescent proteins can probe the association of viral proteins in more detail. The transfer of energy from a fluorescent protein of one color to a nearby fluorescent protein of another color can reveal information about the distance separating the two proteins.
FRET
Though microscopic studies analyzing colocalization can provide much insight into viral and host cell interactions, distinct fluorescence-based methods are capable of focusing on determining real interactions. Fluorescence resonance energy transfer (FRET), for example, relies of the proximity of two proteins to produce a fluorescence signal. The distance at which a transfer of energy between two proteins can occur (<10 nm) is so miniscule that it may be interpreted as an interaction (Stryer 1978) . By conjugating putative interacting proteins to a specific pair of fluorophores, an interaction can be determined. Cyan fluorescent protein (CFP) and yellow fluorescent protein (YFP) is a popular pair for FRET due to their partially overlapping fluorescence profiles. The wavelength of light emitted by CFP is the precise wavelength required to excite YFP, a fact conveniently exploited in FRET. If this pair of fluorescent proteins is sequestered in close proximity via some interaction of fusion partners, exciting the sample with the CFP wavelength will produce a YFP emission signal (Fig. 1) . In addition to this popular pair, the mCherry and GFP pair is becoming more widely used as this combination is more photostable (van der Krogt et al. 2008 ).
BiFC
An alternative to FRET is bimolecular fluorescence complementation (BiFC), a technique invaluable for probing interactions. BiFC relies on the production of a fluorescent signal when two interacting proteins attached to complementary halves of GFP come together, complementing the structure of GFP and producing fluorescence (Fig. 2) . By separating GFP into halves, neither the N-terminal nor the C-terminal portion is capable of emitting radiation on its own. However, if the proteins to which they are conjugated interact, this will bring the halves close enough to each other to take on the conformation of native GFP and emit fluorescence as usual.
Improving Imaging Conditions by Increasing Sensitivity and Resolution
Despite the advances in fluorescence light microscopy, there are limitations of fluorescent signal detection and diffraction-limited spatial resolution. Background fluorescence and emission filters make the detection of especially weak signals problematic. Likewise, the highest resolution of light microscopy attainable by traditional optical techniques is approximately 200 nm (Richard 2003) , making it impossible to determine association from proximity. It is important to define resolution in this case, and this resolution limit means that it is not possible to identify two distinct fluorescent objects unless they are separated by at least 200 nm. New subdiffraction techniques such as stimulated emission depletion (STED) and structured illumination allow imaging at much higher resolution (Klar et al. 2000 and Bailey et al. 1993 ), but highly specialized equipment is required. Below, we describe alternative methods allowing molecules located at subdiffraction distances to be resolved. Photoactivated localization microscopy (PALM) uses photoactivation and photobleaching to beat the limits, while total internal reflection fluorescence (TIRF) microscopy uses restricted illumination to improve axial resolution and decrease background, allowing the detection of weak signals. 
TIRF
One notable advance in fluorescence imaging is total internal reflection fluorescence (TIRF) microscopy. Traditional epifluorescence microscopy illuminates more of the sample than an optical section will capture, creating out of focus fluorescence that causes unnecessary background. By decreasing the portion of the sample in the range of the excitation wavelength, the signal-to-noise ratio is increased, greatly increasing the sensitivity of fluorescent detection and allowing the detection of individual fluors. TIRF exploits optical principles in order to illuminate only the area of the sample that will be analyzed. The principle works by adjusting the system so that the excitation light passing through the glass coverslip reaches a critical angle, causing all of the light to reflect back into the medium from which it came. On the other side of this medium, an evanescent wave is created that extends up to 100 nm into the sample ( Fig. 3) (Axelrod et al. 1984) . By focusing the light on such a thin region of the sample, this limits the amount of background fluorescence and thus creates greater sensitivity. This technique is especially useful when interest lies in a comparatively weak signal, which by traditional optical techniques may be masked by stronger signals in a region of the cell that one wishes to ignore. However, the weakness of this method is that the objects of interest must be localized within 100 nm of the coverslip.
The thin region of illumination by the evanescent field is adjustable by altering the critical angle. Modulating the penetration of the evanescent field allows increased resolution in the z-plane, and additional resolution in the z-plane can be obtained by switching between epifluorescence and TIRF. In this way, it is Fig. 3 Total internal reflection fluorescence (TIRF) microscopy. Approaching light at the critical angle undergoes total internal reflection back through the glass coverslip An evanescent wave is created on the other side of the glass, extending approximately 100 nm into the sample. As only this extremely thin region is illuminated, background fluorescence from out-of-focus light is dramatically decreased, creating greater sensitivity possible to determine when a signal enters or exits the evanescent field, allowing its proximity to the coverslip to be determined. While not a method designed specifically to probe interactions, the increased spatial resolution attainable with TIRF microscopy lends itself to examining colocalization of proteins more accurately.
PALM
A more recent approach for obtaining high-resolution images is photoactivated localization microscopy (PALM). This technique is in theory capable of resolving molecules separated by only a few nanometers, making it an incredibly powerful technique to visualize the spatial and temporal intricacies of certain interactions. In essence, PALM does not increase optical resolution, but instead allows measurement of subdiffraction distances between fluorescent signals.
Though the theory behind PALM has existed for over a decade, the ability to exploit it for high-resolution imaging of fluorescent molecules is still in its infancy. Within a specific diffraction-limited region lie thousands of individual molecules that cannot be visualized separately. PALM is capable of determining the location of a large number (10 5 /mm 2 ) of these molecules by the use of sequential photoactivation and subsequent photobleaching of subsets of fluorescent molecules within a specific field (Betzig et al. 2006) . After this information is obtained, the probability that each molecule resides in a particular location is statistically estimated based on the point spread function of the optical path. Identifying the center of each signal allows the distance between them to be determined. Of more interest to studies of interactions, a dual-color version of PALM has been developed capable of providing superresolution images of two labeled proteins. One notable achievement with this technology is the demonstration that proteins viewed as clearly colocalized by conventional microscopic techniques have been revealed by PALM as very close but distinct clusters of molecules (Shroff et al. 2007 ). Such a technique should prove valuable for deciphering putative interactions between viral and host cell proteins.
Going even further down the road towards the goal of nanometer resolution is the amalgamation of PALM and single-particle tracking into a method entitled sptPALM (Manley et al. 2008 ). While single-particle tracking can provide information on the dynamic nature of molecules, it is still subject to diffraction-limited resolution. When using this method to study events occurring on the plasma membrane, the proximity of clusters of molecules renders the interpretation of these paths uncertain. The great spatial resolution of sptPALM, on the other hand, is capable of enabling visualization of the dynamic nature of the plasma membrane by tracking the behavior of thousands of individual molecules. Moreover, the ability to selectively photoactivate populations of molecules allows the determination of multiple trajectories of individual molecules within a very small region of the cell.
Examples
Innovative imaging techniques have been used to probe many stages of the HIV life cycle and, as novel methods arise, they will undoubtedly be adapted to visualize interactions that currently seem impossible. A selection of key studies that have utilized these techniques will be highlighted below using examples progressively delving into each stage of the viral life cycle (Fig. 4) . As there is an immense wealth of innovative studies of this topic, it is impossible to cite every contribution.
Entry
HIV enters a target CD4+ T cell after the envelope glycoprotein gp120 binds the CD4 receptor, allowing gp120 to interact with either a CCR5 or CXCR4 coreceptor. After a conformational change exposes the hydrophobic fusion peptide, fusion between the viral and host cell membranes occurs. Upon fusion of the viral envelope to the plasma membrane of the host cell, the viral core is deposited into the host cell cytoplasm. The capsid is lost from the virion in the uncoating process, and reverse transcription converts the viral RNA genome into double-stranded DNA. The preintegration complex containing newly synthesized DNA along with several viral and host cell proteins enters the nucleus and integrates into the host cell genome, establishing its everlasting presence (Freed 2001) . This process of entry relies on numerous interactions with host cell proteins to achieve the goal of gaining access to the host cell cytoplasm and eventually nuclear DNA. Information regarding the localization of these interactions can be readily gained by exploiting the fluorescence methods described in the previous section.
Mobile Receptors
Normally the HIV entry receptors form locally enriched domains separated by approximately 10 nm, a distance small enough to appear colocalized by simply monitoring their locations by traditional fluorescence microscopy. The envelope gp120 induces interactions between the receptors, but the resolution of light microscopy limits our ability to see any difference. FRET has been used to explore the interaction of receptors due to the presence of virus. Yi et al. (2006) took advantage of the sensitivity of FRET to evaluate the effect of gp120 on interactions between CD4 and CCR5. FRET enables the determination of very closely adjacent or truly interacting molecules, clearing up this ambiguity.
While the receptors normally form separate microdomains on the plasma membrane, complexes including gp120 and the receptors form during HIV entry. Previous studies had inconclusively implicated lipid rafts in entry complex formation, with fluorescence microscopy studies offering conflicting evidence on whether CD4 and CCR5 localization to lipid rafts is important for entry complex formation and infection. A complication in visualizing these interactions is that lipid rafts are dynamic structures less than 70 nm in diameter, well below the resolution of light microscopy. Utilizing FRET to examine interactions between CD4 and CCR5 enabled Yi et al. to assess the importance of lipid rafts on receptor interactions. Using CD4-YFP and CCR5-CFP as a FRET pair, they found that gp120 can bring CD4 and CCR5 together on the plasma membrane of live cells. Because FRET will occur only at miniscule distances, this eliminates complicated interpretations of colocalization and gives a more objective measure of association. Additionally, the authors found that chemically disrupting lipid rafts blocked this gp120-induced FRET signal, and that adding back cholesterol restored it. Studies such as these not only have the potential to visualize an interaction, but to quantify the impact of inhibitory compounds on interactions between virus and host.
Hitching a Ride
The revolution in HIV imaging began with the ability to visualize a virion interacting with living cells. The exploitation of live cell imaging within the HIV field started with the creation of a fluorescently labeled virus whose entry into the host cell and early interactions inside it could be followed under the microscope. As well as establishing a key method enabling the visualization of HIV entry, this study also highlighted the dependence on the host cell cytoskeleton in order to reach the viral genome's ultimate destination in the nucleus.
Though this remains a valuable method for studying interactions, several limitations are inherent in such an approach. First, Vpr is apparently lost before nuclear entry, limiting the portion of the HIV life cycle that can be visualized with this label. Second, it is not clear whether all virions within the cell have entered via fusion with the cell membrane or have been nonspecifically endocytosed. Finally, the problem of interpreting colocalization cannot be resolved without complementary biochemical techniques.
Discriminating Entry from Endocytosis
One improvement in labeling virions is the use of the 15 N-terminal residues of Src (S15), a signal incorporated into virions that is lost after fusion but not after nonproductive receptor-independent endocytosis. S15 targets the plasma membrane, and this sequence is incorporated into virions (Campbell et al. 2007 ). Using a fluorescently tagged version of S15 (S15-mCherry) together with GFPVpr allows a double label that provides a clear picture of a virion that has entered the host cell via fusion. Being able to visualize a productive entry event allows This dual-labeled system was used again by Campbell et al. (2008) to visualize the retroviral restriction factor rhTRIM5a interacting with cytoplasmic HIV complexes. The virions observed associating with TRIM5a complexes were specific to GFP-Vpr-labeled particles that had lost the S15 membrane label, indicating that they had entered the host cell cytoplasm by fusion. By being able to identify viral complexes that had entered the cytoplasm after fusion, it was possible to validate that the interaction with TRIM5a had the appropriate specificity.
Journey to the Center of the Nucleus
Despite the utility of GFP-Vpr labeling, one severe limitation of this approach is that it is only possible to visualize early postentry events, leaving any nuclear movements and interactions of the intracellular HIV complex to remain a mystery. One step in the direction of looking further into the nuclear aspects of the HIV life cycle has been achieved with the labeling of integrase. Arhel et al. (2006) reported a FlAsH-tagged integrase that enables the visualization of intranuclear movements. FlAsH (fluorescein arsenical hairpin) is a reagent that specifically binds to a small tetracysteine sequence that may be inserted into a target protein. One virtue of the FlAsH system compared to traditional fluorescent protein labeling is that the sequence added is much smaller than a fluorescent protein like GFP, and as such may be less prone to perturbing the structure and function of the protein to which it is added. The use of this tag on the HIV integrase protein allowed the observation of the kinetics of movement towards the nucleus, supporting both microtubule-and actin-dependent movement. With this system, HIV complexes apparently located in the nucleus exhibited restrained diffuse movement.
Potentially improving on the FlAsH integrase tag to visualize virions trafficking within the nucleus, a subsequent study by Albanese et al. (2008) utilized a fluorophore-tagged integrase (IN) in trans in order to achieve this goal. Because inserting sequences within the proviral sequence often causes processing problems, they exploited the fact that Vpr is incorporated into virions by attaching Vpr to a fluorescently tagged IN. This was done in such a way that, in the presence of HIV protease, cleavage separating Vpr from IN-EGFP will occur. Thus, the Vpr-IN-EGFP was expressed in trans with a proviral construct containing an IN deletion, allowing the production of a virion with fluorescently labeled IN.
Rather than investigate interactions of HIV with host cell proteins, Albanese et al. examined the relationship with host cell DNA. The study of integration sites has revealed that HIV has a preference to integrate into actively transcribed genes. One open question is what determines this preference. Their findings reveal that virions tend not to travel far after entering the nucleus, and that a preference is seen for areas of decondensed chromatin. This work not only begins to reveal what areas of the genome HIV associates with, but opens many doors to further investigate the interactions occurring within the nucleus.
Exit
After integrating its reverse transcribed DNA into the genome of its host cell, this provirus acts as the template from which RNA is transcribed. Viral proteins are synthesized and virions are assembled at the plasma membrane, where these immature virions bud from the infected cell (Freed 2001) with the help of the host cell's endosomal sorting complex required for transport (ESCRT) machinery. The nascent virions undergo maturation and then go on to infect other target cells. Imaging techniques have provided important insights into the interactions and dynamics leading to new virion assembly.
Correlative Imaging: The Best of Both Worlds
As fluorescently tagged virions enable the study of entry, other methods must be employed to visualize egress of budding virions. One innovative technique used to resolve this difficulty is correlating high-resolution electron microscopy with fluorescent imaging capable of visualizing molecules within the interior of a cell. This approach was used by Larson et al. (2005) in order to visualize retroviral budding. The authors utilized live cell multiphoton laser scanning microscopy (MPM) of transfected Gag and subsequent scanning electron microscopy (SEM) in order to combine the strengths of both methods. Namely, SEM can resolve single budding structures but can only be used for visualizing bulges on the surface, and fluorescence imaging can look within the cell but can only infer budding from the disappearance of a fluorescent signal. As both imaging methods are powerful techniques with their own strengths and weaknesses, the information gained by the combination is invaluable.
Studies of single particles entering the cell have been carried out, but this had not yet been accomplished for budding. Larson et al. visualized real-time budding of single HIV-1 or Rous Sarcoma Virus (RSV) virus-like particles (VLPs) from live cells and correlated their fluorescent results to those seen by SEM. A fraction of punctate Gag spots seen by fluorescent microscopy was found to correspond to budding structures on the plasma membrane as visualized by SEM, confirming the interpretation as sites of budding. Such a method of correlating the same budding structures as seen by two different methods should prove useful in future studies.
ESCRTing Through Microdomains
The use of basic fluorescence microscopy has aided in evaluating the role of previously noted biochemical interactions. For example, while characterization of highly purified HIV particles had already suggested a potential interaction between the tetraspanin CD63 and HIV Gag, the functional importance of this interaction was not understood. Simply staining for CD63 showed that only a small portion of CD63 was present on the plasma membrane, while the majority was located on intracellular membranes (Nydegger et al. 2003) . The next step in investigating this interaction was to selectively stain surface CD63, which revealed that it was present in clustered microdomains rather than being uniformly distributed throughout the plasma membrane (Nydegger et al. 2006) .
Aside from traditional microscopy, Nydegger et al. also used electron microscopy (EM) to complement their light microscopy findings. Moreover, by combining the real-time fluorescent imaging of live cells with high-resolution immuno-EM, the size of these microdomains could be appraised. Immuno-EM also enabled the authors to see that tetraspanin-enriched microdomains (TEMs) formed near clathrincoated areas and cytoskeletal elements. Furthermore, they showed that ESCRT1 components Tsg101 and Vps28, already shown to be required for budding, are recruited to TEMs colocalizing with Gag.
Shared Machinery
Though the budding of HIV-1 virions has been overwhelmingly examined structurally, there is certainly a role for fluorescence microscopy. One demonstration of the strength of traditional colocalization studies is the discovery of shared cellular machinery for viral budding and cytokinesis. Carlton and Martin-Serrano (2007) , spurred on by yeast two-hybrid studies revealing interactions of components of the ESCRT and cytokinesis machinery, used fluorescence microscopy to study the localization of these putative interactions.
ESCRT proteins Tsg101 and Alix both bind the centrosomal protein Cep55 involved in cytokinesis. When Cep55 expression is disrupted with siRNA, Tsg101 and Alix no longer exhibit their usual localization. They went on to map the residues of Tsg101 responsible for binding Cep55 and found that, upon deletion, the same aberrant localization occurred. After finding this striking example of a virus usurping the cellular machinery of a function as basic as cell division, they discovered that the Tsg101-Cep55 interaction is required for cytokinesis but not for viral budding. By studying the differential requirements of components involved in requisite cellular functions and exploited for viral replication, it may be possible to separate out specific interactions that may be disrupted for antiviral therapy while preserving necessary cellular functions.
Dynamics of Budding VLPs
Another method for the visualization of assembly and egress is TIRF. Jouvenet et al. (2008) combined TIRF imaging with FRET and fluorescence recovery after photobleaching (FRAP), more objective methods of determining interactions, in order to explore viral budding. TIRF allowed the authors to visualize budding of Gag VLPs in real-time, a difficult task with epifluorescence as the more prominent signal from cytoplasmic Gag overpowers the weak signal from budding VLPs. As TIRF images regions of the sample within approximately 100 nm of the coverslip, a study of budding from the plasma membrane can benefit greatly from this approach.
In an attempt to characterize the kinetics of budding, the authors first noticed two populations of Gag: slowly appearing and rapidly appearing/disappearing. In order to explore the relevance of these two populations, the authors looked at CD63 as an endosomal marker and correlated these results to the speed at which Gag puncta appeared in order to focus only on real assembly events taking place at the plasma membrane. They found that the majority of the rapidly appearing/disappearing population stained positively for both CD63 and clathrin, implying that this population is associated with endosomes. Thus, they chose to focus on the slowly appearing population representative of budding at the plasma membrane. This use of TIRF allowed the authors to characterize kinetically variant populations based on previously characterized interactions, a feat unthinkable by traditional fluorescence. They also used FRET to interpret the population of slowly emerging particles as Gag molecules moving closer together, and thus undergoing assembly into VLPs. A similar FRET-based assay has been previously utilized to study oligomerization of Gag during the process of assembly, both within living cells and VLPs (Derdowski et al. 2004) . Though the Jouvenet study focused primarily on the dynamics of budding, it should prove to be a promising approach to characterize interactions occurring during this process, such as the incorporation of cellular proteins and viral RNA into budding virions. Betzig et al. (2006) reported a use of PALM in which localization on the scale of nanometers was achieved in high-resolution imaging of Gag at the plasma membrane. PALM combined with TIRF is well suited for the study of proteins at the plasma membrane, such as budding Gag VLPs. This study combined PALM with TIRF microscopy in order to decrease autofluorescence and thus increase the resolution. Though this method requires up to 12 h to obtain a superresolution image, the detail obtained may outweigh the lengthy process for certain questions. As a dual-color version of PALM has been shown to provide resolution on the scale of 20-30 nm, the utilization of such a technique in the future seems to be quite valuable for probing interactions between virion and host cell.
Superresolution Budding
The combination of PALM with single-particle tracking provides the means to investigate the dynamics of molecules in high resolution, opening up many doors to visualize interactions and determine how they are affected in real time at the single molecule level. Manley et al. (2008) use this combined sptPALM technique to track Gag molecules at the plasma membrane at an incredibly detailed resolution, as well as to follow the motion of many subsets of particles by selectively photoactivating them. One interesting finding from this study is that an immobile portion of Gag appeared stuck on the plasma membrane, an observation that the authors postulate may be due to interactions with tetraspanin-enriched microdomains (TEMs). Thus, differences in the dynamics of Gag may be further explored by the use of dualcolored PALM in order to track interactions with host cell proteins.
Connecting Exit and Entry
Dendritic cells have the ability to bind HIV without becoming productively infected, a strange phenomenon that both contributes to an immune response and at the same time is yet another host cell function that has been pirated by HIV. Aside from binding and degrading HIV virions and producing an antibody response, dendritic cells can also sequester virions and transfer them to T cells in a process called trans-infection, and thus contribute to establishing a systemic infection. One unresolved question has been where exactly the dendritic cell stores the virus before passing it off to a T cell. The exosome model proposes storage of virions in a protected compartment within the cell, with trans-infection occurring only when fusion with the plasma membrane brings the virions back to the surface. Recent results demonstrated an opposing model in which internalized virions are degraded by the lysosome and only surface-accessible virions are able to cause trans-infection (Cavrois et al. 2007) .
While evidence existed supporting both models, Yu et al. (2008) used live cell microscopy to resolve the discrepancies between these seemingly contradictory models. First the authors characterized the subcellular components localized within the internal HIV compartment, finding that the compartment colocalizes with actin, and subsequently that formation of it requires the actin cytoskeleton. In order to characterize this compartment, they stained for various cell surface and intracellular markers, finding that tetraspanin CD81 was recruited from its uniform distribution on the cell surface to form a concentration in the compartment. Aside from determining subcellular localization, they used fluorescence microscopy to investigate the time span of HIV sequestration within the compartment, finding that it correlates with the length of time in which trans-infection can be detected. The use of the combined Vpr-S15 virion label was used in order to determine which virions had entered the cytoplasm and thus to visualize trans-infection. The virion compartment was accessible to both a surface-applied inhibitor and a fluid phase marker, indicating that this compartment was intracellular but nevertheless connected to the surface. Their surprising conclusion was that virions are stored in an internal compartment, but that this compartment is a pocket-like structure contiguous with the plasma membrane that remains surface-accessible. The use of simple antibody staining, combined with the power of live cell microscopy to study the dynamics of a subcellular compartment, allowed a more complete view of opposing models of trans-infection.
A similar mechanism has been observed for the transfer of HIV from an infected cell to a target cell. This configuration is called the virological synapse (reviewed in Jolly and Sattentau 2004) . Imaging techniques have played an essential role in revealing the function of the virological synapse and addressing the long standing mystery of why infected cells are much more efficient at transmitting HIV relative to cell-free particles. Such interactions can be sites of direct contact of the plasma membranes of the two cells, or mediated by membrane projections such as cytonemes and nanotubes (Sherer et al. 2007; Sowinski et al. 2008) . In all cases, the increase in infectivity is stimulated by concentrating the virus from the infected cell in close proximity with the receptors required for fusion with the target cell. It is difficult to imagine how this important aspect of HIV biology could be studied without the assistance of the investigative power of imaging techniques.
Regulatory and Accessory Proteins
As well as the structural components of HIV that interact with host cell molecules to exert an effect on infection, the regulatory and accessory proteins of HIV play their own roles in creating a more hospitable environment. Several examples describing the visualization of these interactions are mentioned below.
Tat
HIV depends on regulation of transcription to maintain the viral reservoir, a population of cells with integrated provirus that do not actively produce HIV. The transactivator of transcription (Tat) protein of HIV boosts production of viral RNA synthesis through its interaction with the trans-activation-responsive region (TAR) of the viral RNA, as well as interactions with cellular components. Tat carries out this role through its interaction with positive transcription elongation factor P-TEFb. Tat has been shown to interact with P-TEFb kinase component cyclin T1 in a complex with TAR at the HIV promoter. While the interaction between Tat and cyclin T1 was first recognized biochemically, little was known of its specifics and consequences. A method such as FRET is ideal for visualizing putative biochemical interactions and determining their physiological relevance, the use of which enabled Marcello et al. (2001) to find that Tat influences the subcellular localization of cyclin T1.
Cyclin T1 normally localizes to nuclear foci, while Tat typically resides diffusely throughout both the nucleoplasm and the nucleolus. By simply expressing fluorescently tagged versions of both proteins, they found that a reorganization of both proteins occurs when coexpressed. The authors found that Tat induced cyclin T1 to relocalize from its characteristic accumulations in the nucleus to the sites of transcription and, reciprocally, Tat lost its diffuse localization to accumulate at these same locations. The combination of analyzing changing subcellular location along with FRET to ascertain whether proteins are interacting gives insight into the function of this interaction. Not only do they note that two proteins are located in proximal locations, but this localization is only seen when they are interacting.
Though the interaction of Tat with cyclin T1 and its requisite role in activating transcription were already known, a model had not yet been described to resolve current data. The question was whether P-TEFb remained in association with the transcription complex after initiation of transcription, or if it dissociated prior to elongation.
Delving into the dynamics of this interaction with an interesting method of visualizing specific RNAs within the cell, Molle et al. (2007) explore the kintetics of the association of Tat and cyclin T1. In order to visualize HIV-1 transcription sites in live cells, they tagged the HIV-1 proviral construct with binding sites for phage MS2, and expressed this along with GFP-tagged MS2. Only when the HIV-1 proviral construct associates with GFP-tagged MS2 will any fluorescence be seen. This system allowed them to visualize the site of transcription as well as to the monitor the localization of Tat and cyclin T1 at this site. They found that Tat must interact with cyclin T1 in order to accumulate at transcription sites. Additionally, the use of FRAP allowed them to see that Tat recovers slowly at transcription sites, bringing up the possibility that Tat may dissociate before complete transcription. The strength of this study is that it used dynamic data from living cells in order to resolve conflicting models.
Nef Oligomerization
The HIV regulatory protein Nef is required for HIV infection to progress into AIDS. Nef is involved in downregulation of CD4 and MHC-I from the cell surface and enhanced infectivity (Freed 2001) , roles it carries out through its interactions with various cellular proteins. Its interaction with Hck, a protein-tyrosine kinase, appears to be involved in pathogenesis of HIV. Ye et al. (2004) use BiFC to show that Nef oligomerizes in living cells, a prerequisite for in vivo activation of Hck. Just as BiFC has been used in this study to investigate interactions between Nef molecules that contribute to interactions with cellular molecules, it should be a promising method to reveal interactions between Nef with host cell proteins. Other studies have used BiFC to explore the potential interaction between retroviral Gag and actin (Chen et al. 2007 ).
Conclusions
There is currently a revolution taking place in the identification of cellular factors involved with HIV replication. Using libraries of siRNAs and shRNAs to knockdown cellular factors, multiple groups have identified hundreds of new factors that may interact with HIV proteins and play an essential role in HIV biology. This list will only get longer in the near future. The variety of techniques currently used to visualize interactions between HIV-1 and cellular proteins can provide an extraordinary wealth of information with regard to the functionality of such interactions. Imaging has the potential to reveal subtleties not visible by other techniques, such as the localization and dynamics of interactions. Fluorescent imaging provides a subset of techniques complementary to the standard biochemical methods, and when combined they present a powerful means to unmask complex questions. With high resolution imaging improving quickly and with different techniques suitable to probe different stages of the viral life cycle, today's scientists are well equipped to answer questions of how HIV-1 proteins relate to the host cell environment, setting up the basis to utilize this knowledge therapeutically.
